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Topaz1 (Testis and Ovary-speciﬁc PAZ domain gene 1) is a germ cell speciﬁc gene highly conserved in
vertebrates. The putative protein TOPAZ1 contains a PAZ domain, speciﬁcally found in PIWI, Argonaute
and Zwille proteins. Consequently, Topaz1 is supposed to have a role during gametogenesis and may be
involved in the piRNA pathway and contribute to silencing of transposable elements and maintenance of
genome integrity. Here we report Topaz1 inactivation in mouse. Female fertility was not affected, but
male sterility appeared exclusively in homozygous mutants in accordance with the high expression of
Topaz1 in male germ cells. Pachytene Topaz1 – deﬁcient spermatocytes progress through meiosis without
either derepression of retrotransposons or MSCI dysfunction, but become arrested before the post-
meiotic round spermatid stage with extensive apoptosis. Consequently, an absence of spermatids and
spermatozoa was observed in Topaz1/ testis. Histological analysis also revealed that disturbances of
spermatogenesis take place between post natal days 15 and 20, during the ﬁrst wave of male meiosis and
before the generation of haploid germ cells. Transcriptomic analysis at these two stages showed that
TOPAZ1 inﬂuences the expression of one hundred transcripts, most of which are up-regulated in mutant
testis at post natal day 20. Our results also showed that 10% of these transcripts are long non-coding RNA.
This suggests that a highly regulated balance of lncRNAs seems to be essential during spermatogenesis
for induction of appropriate male gamete production.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
Meiosis is a fundamental and highly regulated cell division
process in eukaryotes, characterized by two consecutive divisions:
meiosis I and meiosis II. It takes place exclusively in the germ cells
of both sexes in order to produce haploid gametes (Kleckner, 1996;
Gerton and Hawley, 2005). Any damage occurring during this
process could be critical for germline functions and subsequent
reproduction. The switch from mitosis to meiosis exhibits a dis-
tinct sex-speciﬁc difference in timing and synchrony. In the fe-
male, germ cells synchronously initiate meiosis during foetal de-
velopment, which is stopped at the end of the prophase I. The
number of female gametes is determined at birth. Female meiosis
resumes at periodic intervals after puberty. By contrast, male germ
cell meiosis begins just before puberty, when spermatogenesis is
initiated, and continues throughout the reproductive lifespan (ref(A. Luangpraseuth-Prosper),
jouy.inra.fr (L. Jouneau),
ot@jouy.inra.fr (C. Cotinot),in: Baillet and Mandon-Pepin (2012)). Separation of homologous
chromosomes occurs during the ﬁrst meiotic division (meiosis I),
followed by the separation of sister chromatids during meiosis II.
In the male, meiosis starts in so called pre-leptotene spermato-
cytes with a prolonged S-phase, during which the DNA is dupli-
cated, followed by a highly regulated and prolonged G2-phase
called meiotic prophase I. Meiotic prophase I can be subdivided in
four cytological stages: leptonema (chromatin condensation, in-
itiation of DNA double-strand breaks (DSBs) and meiotic re-
combination), zygonema (initiation of synapsis of homologous
chromosomes), pachynema (full synapsis, development of re-
combination sites into at least one crossover per homologous
chromosome pair) and diplonema (desynapsis and formation of
visible crossover sites, the so-called chiasmata) (reviewed in
Handel and Schimenti (2010), Zickler and Kleckner (1999), Sub-
ramanian and Hochwagen (2014)). Moreover, in male mammals
the sex chromosomes only pair in their homologous region, the
pseudoautosomal region (PAR), then are subject in pachytene
spermatocytes to meiotic sex chromosome inactivation (MSCI)
(Turner, 2007). A successful synapsis of autosomal chromosomes
and a partial synapsis of sex chromosomes are a determining
factor for DNA repair, recombination and subsequent desynapsis in
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factors involved in these different meiotic stages were revealed by
genetic or gene inactivation studies in yeast and rodents (Kassir
et al., 2003; Handel and Schimenti, 2010; Subramanian and
Hochwagen, 2014).
Furthermore, propagation of species via germline function is
also dependant on transposable elements (TEs). Indeed, in the
germline, the integrity of TEs is coordinated by a ribonucleoprotein
complex principally located in the cytoplasmic nuage, a unique
electron-dense structure (Aravin et al., 2009) also called the
chromatoid body (Fawcett et al., 1970; Eddy, 1970). TE insertions
have been shown to be enriched in other tissues such as rodent
placental cells and human brain (Chuong et al., 2013; Coufal et al.,
2009), but the transcription and the activity of these TEs are
suppressed in germ cells. Consequently, species have to use dif-
ferent strategies to maintain TE silencing that involves, in most
cases, RNA interference (ref in: Peng and Lin (2013)). It was ﬁrst
proposed, in Drosophila, that the nuage is a specialized centre of
repression of TEs and of genome integrity preservation (Lim and
Kai, 2007). In germ cells of ﬂies and mice, TE repression is under
the control of the piRNA pathway involving a speciﬁc class of 26-
31nt small RNAs (piRNAs: piwi-interacting RNAs). The piRNAs are
associated with members of the PIWI subfamily of Argonaute
proteins; in the mouse there are three PIWI-like proteins: MIWI/
PIWIL1, MILI/PIWIL2 and MIWI2/PIWIL4. MIWI2 and MILI are in-
volved in male meiotic progression and deletion of their genes
leads to male sterility (Carmell et al., 2007; Kuramochi-Miyagawa
et al., 2004). In addition, piRNAs are also involved in TE silencing at
the transcriptional level by the DNA methylation in mammalian
germ cells (Bourc'his and Bestor, 2004 and ref in: Castel and
Martienssen (2013)). piRNA pathway mutants, such as Ddx4
(VASA), Mael, Gasz, Tdrd9, Mov10l1, and Mitopld also exhibit early
meiotic arrest in males (Tanaka et al., 2000; Kuramochi-Miyagawa
et al., 2010; Soper et al., 2008; Ma et al., 2009; Shoji et al., 2009;
Zheng et al., 2010; Frost et al., 2010; Watanabe et al., 2011; Huang
et al., 2011).
In order to discover novel genes involved in prophase I meiosis,
we constructed and analysed several subtracted cDNA libraries
from foetal ovaries (Baillet et al., 2008). From this previous work,
Topaz1 (Testis and Ovary speciﬁc PAZ domain gene 1) was iden-
tiﬁed (Baillet et al., 2011). This gene possesses CCCH and PAZ do-
mains. The PAZ domain was found in particular in two families of
proteins (PIWI and DICER) that are involved in post-transcriptional
gene silencing (Cerutti et al., 2000). We showed that Topaz1 mRNA
was speciﬁcally expressed in sheep and mouse gonads and was
germ cell speciﬁc (Baillet et al., 2011). These results, in addition to
the high degree of conservation of TOPAZ1 protein in vertebrates,
suggest that the Topaz1 gene may play an important role in
mammalian gametogenesis and because of the presence of a PAZ
domain, a role in the RNA silencing process in the germ line. In
order to understand the role of this gene, we performed Topaz1
inactivation. We showed that homozygous Topaz1/ males were
sterile due to the absence of haploid cells, but without dysregu-
lation of chromosome synapsis or retrotransposon activation.
Around a hundred genes presented a deregulated expression in
P20 Topaz1/ testes including 10% of long non-coding RNA
(lncRNA).Fig. 1. A: Photographs of testes from a 6-month-old wild-type (Topaz1þ /þ) and a
homozygous (Topaz1/) mutant littermate. B: Testicular rate ratio shows a sig-
niﬁcant decreased in Topaz1-null males (white) compared with wild-type mice
(black). Error bars: standard error of the mean (s.e.m.). ***po0.01.2. Results
2.1. Generation of Topaz1-deﬁcient mice
The introduction of a cassette containing NLS-LacZ cDNA fol-
lowed by a 3X polyA-SV40 is predicted to interrupt normal tran-
scription of the Topaz1 gene (Supplementary material Fig. S1A)and generate non-functional transcripts.
Topaz1þ / mice were viable and fertile, producing pups
(5.9 pups/litter; s.e.m.¼0.46; n¼167) whose genotypes were
consistent with Mendelian ratios (23.8% Topaz1þ /þ; 52.5%
Topaz1þ /; 23.7% Topaz1 /; n¼28 litters) demonstrating that
TOPAZ1 was not essential for embryogenesis. In order to com-
pletely inactivate Topaz1 expression, we produced homozygous
mutant mice by crossing Topaz1þ / mice. The absence of Topaz1
expression and the presence of LacZ transcripts in this Topaz1 /
mouse line was veriﬁed by quantitative polymerase chain reaction
(qPCR) in testis of different developmental stages (from birth to
adult) (Supplementary material Fig. S1B and C).
2.2. Inactivation of Topaz1 gene results in male infertility
To assess the fertility of Topaz1 mutants, 8 weeks-old or older
Topaz1þ / (n¼20) and Topaz1 / (n¼11) males were individually
bred to wild-type (WT) adult females. Vaginal plugs were detected
in females mated with the two male genotypes. When mated with
Topaz1þ / males, females (n¼19) produced pups. In contrast,
none of the females (n¼22) mated with Topaz1/ males were
impregnated or produced any pups. Female fertility was also tes-
ted and no difference was found between Topaz1/ females and
their heterozygous or WT littermates.
We did not detect any difference between Topaz1þ / and wild-
type mice in terms of fertility and morphology. To summarize,
whereas Topaz1 / female mice were fertile, the homozygote
mice deleted for Topaz1 gene were sterile.
2.3. Abnormal testis phenotype of the Topaz1 / testis
First, we analysed the consequences of Topaz1 deletion for
testis morphology in homozygous adult mice (6 months). These
testes were signiﬁcantly smaller than WT or Topaz1þ / testis
(Fig. 1A). There was a signiﬁcant decrease in the weight of the
mutant testes observable from P28 and the testicular rate ratio
showed a signiﬁcant reduction of around 21% at P28; 39% at P42
and 59% at adult stages compared with wild-type mice (po0.001)
(Fig. 1B).
Fig. 2. A–H: Hematoxylin and eosin staining of (A–D) wild-type (Topaz1þ /þ) and (E–H) Topaz1 / testes. A–H depicts the ﬁrst wave of spermatogenesis at (A and E) P15, (B
and F) P20 and (C and G) P28. Adult testes from 6-month-old animals are depicted in (D) wild-type (Topaz1þ /þ) and (H) mutant (Topaz1/). Scale bar¼200 mm. I–J:
Hematoxylin and eosin staining of (I) Topaz1þ /þ and (J) Topaz1/ adult epididymis. (I) Epididymis from an adult wild type mouse with numerous epididymal spermatozoa
(star). (J) Epididymis from an adult Topaz1/ mouse lymphocytic and granulocytic inﬁltration (arrowheads) or apoptotic germ cells and no mature sperm. Scale bar¼50 mm.
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loss of Topaz1 function, we analysed histological sections of
Topaz1 / testis postnatally during the ﬁrst wave of spermato-
genesis. Compared to WT, Topaz1 / testis sections were histo-
logically indistinguishable at P15 (Fig. 2A and E) and P20 (Fig. 2B
and F). From 4 weeks (P28), germ cell aggregates were present in
the centre of seminiferous tubules that were not found in WT
(Fig. 2C and G). The adult stage of Topaz1/ testis presented
neither round spermatids nor spermatozoa (Fig. 2D) compared to
adult WT (Fig. 2H). Consistent with these observations, sections of
adult Topaz1/ epididymis did not contain sperm (Fig. 2I and J).
Complete deletion of Topaz1 yielded profound disruption of sper-
matogenesis, with testicular tubules containing spermatocytes
mostly arrested after late pachytene stage.
2.4. Topaz1-deﬁcient spermatocytes exhibit aberrant progression
through prophase I
To evaluate the effects of Topaz1 depletion in prophase I pro-
gression, we ﬁrst determined the germinal cell types in which
Topaz1 transcripts were expressed using in situ hybridization. In
P20 wild type testis, no hybridization signal was detected in the
external layer of seminiferous tubes containing spermatogonia. Incontrast, an intense signal was detected in spermatocytes (Fig. 3C,
arrow). This cellular distribution of Topaz1 transcript was con-
ﬁrmed in adult wild-type testis, in which spermatocytes showed
intense hybridization signals (Fig. 3D, arrow), rare ones could be
observed in round spermatids. No signal was found in elongated
spermatids or spermatozoa. As expected, no signal was found in
Topaz1/ testis (Fig. 3A and B). Expression of Topaz1 transcripts
in normal testis seemed to be restricted to speciﬁc meiotic germ
cells: the spermatocytes.
In order to determine the time point of the arrest of meiosis in
the adult Topaz1 / mutant testis, we studied the expression of
several genes speciﬁcally expressed from leptotene/zygotene
spermatocytes to pachytene spermatocytes and at later stages of
the male meiosis using qPCR. Thus, the expression of Spo11, a
leptotene/zygotene marker (Shannon et al., 1999); HoxA4, a mid-
pachytene marker (Rubin et al., 1986); Hist1h1t (encoding histone
H1t), a mid-to late-pachytene marker (Liu et al., 1998); Cdc25c, a
late-pachytene marker (Wu and Wolgemuth, 1995) and two hap-
loid-speciﬁc transcripts as Prm1 (Protamine 1) (Kleene et al., 1984;
Hecht et al., 1986) and Akap4 (A kinase anchor protein 4) (Huang
et al., 2005), were investigated. Spo11, the earliest tested marker,
was not signiﬁcantly different between normal and mutant testes.
All genes found in the pachytene stage (Cdc25, Hst1h1t, Hoxa4)
Fig. 3. In situ hybridization of Topaz1 RNA on testes from Topaz1þ /þ (C and D) and Topaz1/ (A and B) of postnatal days 20 (A and C) and of adult (B and D) stages. Arrows
indicate Topaz1-labelling. Scale bar¼100 mm.
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to a decrease in late-pachytene germ cell number in mutant testis
(Fig. 4A). The two genes speciﬁcally expressed in haploid cells
(Prm1 and Akap4) were completely absent in mutant testis. The
presence of mid and late-pachytene spermatocytes was conﬁrmed
by the expression of HoxA4, hist1h1t, Cdc25c genes in the testes of
null mutants. However, genes that initiate transcription post-
meiotically, such as Prm1 and Akap4, exhibited a greatly reduced
expression in Topaz1/ testis and even no expression at all
(Fig. 4A). These expression data were consistent with the sper-
miogenic defects in Topaz1/ testes revealed by histology. In-
deed, some metaphase ﬁgures were easily noticeable in the nor-
mal testis (Fig. 4B, arrow), but almost totally absent in the mutant
testis where aberrant chromosome alignments on metaphase
plate were shown (Fig. 4B, arrowhead and Supplementary material
Fig. S2). In addition, the immuno-labelling of adult testis section
with EZH2 (lysine speciﬁc histone H3 methyltransferase, a marker
of the round spermatids) (Lambrot et al., 2012) was abolished in
mutant testis section, indicating an absence of spermatids in
Topaz1 / testis (Fig. 4C).
2.5. Topaz1 depletion increases apoptosis of pachytene cells
To determine whether germ cells in the abnormal testicular
tubules of the Topaz1 / were undergoing apoptosis, TUNEL
staining of adult testicular sections was used. In WT adult testis, a
few TUNEL-positive spermatogonia and early meiotically dividing
spermatocytes were seen (Fig. 5A). In Topaz1 / testes, many
TUNEL-positive pachytene spermatocytes were observed (Fig. 5B).
Detected apoptosis in adult Topaz1 / testes is probably the cause
of germ cell depletion in these mice.2.6. Synaptonemal complex formation and meiotic sex chromosome
inactivation (MSCI) are not affected in the absence of TOPAZ1
In mammalian meiosis, arrest at the pachytene stage and the
subsequent induction of apoptosis are often triggered by abnormal-
ities in homologous chromosome pairing and synapsis. We therefore
analysed the pattern of chromosome pairing and synapsis in the
different genotypes by immunolocalization of SYCP3 (Yuan et al.,
2000), a component of the axial element (AE) of the synaptonemal
complex (SC), and SYCP1, the main component of the central element
(CE) of the SC (de Vries et al., 2005). In normal meiosis, SYCP3 is
initially loaded onto chromosomes during the leptotene stage and AE
formation is completed in zygotene. In Topaz1-deﬁcient spermato-
cytes, the formation of the AEs and the loading of the CE, as well as
the structure of SC, were similar to WT spermatocytes (Fig. 6A). To-
paz1-deﬁciency was not associated with altered synapsis of the sex
chromosomes or with defects in pairing and synapsis of autosomes.
We then determined whether TOPAZ1 is necessary for XY body
formation by observing the phospho-histone H2AX (γH2AX) lo-
calization into spermatocyte spreads by immunoﬂuorescence
staining. In early pachytene spermatocytes, γH2AX was present
only as small foci in the chromatin adjacent to the SC in the au-
tosomes and throughout the chromatin of the X and Y chromo-
some. In mid-pachytene to late diplotene spermatocytes, γH2AX
was restricted solely to the XY body. In Topaz1 / spermatocytes,
the γH2AX pattern was similar to WT throughout prophase
(Fig. 6B). Thus, the formation of the MSCI in the pachytene sper-
matocytes was normal in the testis of Topaz1 mutant mice.
To determine whether MSCI was efﬁcient in the Topaz1 deﬁ-
cient mice, we evaluated the expression of X-linked genes (Hprt1,
Mecp2 and Pgk1) and Y-linked genes (Rbmy1a1, Ube1y1) (Date
Fig. 4. A: Quantitative RT-PCR analysis of Spo11, Hoxa4, Hist1h1t, Cdc25c, Prm1 and Akap4 gene expression in adult Topaz1þ /þ (black) and Topaz1/ (white) testes. Data of
qRT-PCR are represented as mean7s.e.m. ***po0.01. B: Weigert's Hematoxyline and eosin staining of Topaz1þ /þ and Topaz1/ adult testes showing metaphase in
Topaz1þ /þ testis (arrow), an absence of anaphase cells in mutant testis and an aberrant chromosome alignments on metaphase plate (arrowhead). Scale bar¼100 mm. C:
Immunolabeling of round spermatid-speciﬁc protein, EZH2 in Topaz1þ /þ and Topaz1/ adult testes. Spermatids fromwild-type show a speciﬁc signal which was absent in
the mutant indicative a loss of spermatids in Topaz1/ testes. DAPI was performed to detect nuclei. Scale bar¼50 mm.
Fig. 5. Detection of germ cell apoptosis by In Situ End labelling (ISEL) from testes of
Topaz1þ /þ (A) and Topaz1/ (B) littermates. Numerous apoptotic cells (brown
coloration, arrows) are detected in seminiferous tubules of homozygous Topaz1/
mice (B). Bar stands for 10 mm.
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chromosome genes in testis of Topaz1 / mice (Fig. 6C). Moreover,
backup genes located on autosomes are activated during MSCI in
order to complement the function of related sex chromosome
genes which are silenced by MCSI. Expression of Cetn1, Pdha2 and
Pgk2, backup genes of Cetn2, Pdha1 and Pgk1 respectively, were
studied by qRT-PCR in normal and Topaz1/ testis (Fig. 6D). Here
again, X-linked genes (Cetn2, Pdha1 and Pgk1) were not over-
expressed in Topaz1 / testis. Finally, the expression of backup
genes (Cetn1, Pdha2 and Pgk2) was increased, by at least 50%, in
these same gonads. This transcriptional activation of backup genes
allowed to counteract the absence of sex chromosome transcrip-
tion and to maintain essential metabolic functions like in a normal
testis. These results suggested that TOPAZ1 was not related either
to XY body formation, or to maintenance of MSCI.
2.7. Absence of Topaz1 causes no variation in the expression of
retrotransposons
Characterization of the Topaz1 gene has revealed the presence
of a PAZ domain in the putative protein (Baillet et al., 2011). The
Fig. 6. A: Immunoﬂuorescence staining of SYCP3 and SYCP1 proteins in Topaz1þ /þ
and Topaz1/ spermatocytes spreads. All chromosomes from Topaz1þ /þ and
Topaz1/ spermatocytes show SYCP3 (red) and SYCP1 (green) signal, indicative of
a proper homologous synapsis during pachytene. B: Immunoﬂuorescence staining
of SYCP3 and γH2AX proteins in Topaz1þ /þ and Topaz1/ spermatocyte spreads.
In mid-pachytene to late diplotene spermatocytes spreads, γH2AX was restricted to
the XY body in both phenotypes. The γH2AX signal is comparable in WT and
Topaz1/ spermatocytes (magniﬁcation 63). C: Quantitative RT-PCR analysis of
X-(Hprt1, Pgk1 and Mecp2) and Y-linked (Rbmy1a1, Ube1y1) genes known to be
targets of MSCI in P17 wild type (black) or Topaz1 / (white) testes. D: Quantitative
RT-PCR analysis of X-linked genes (Cetn2, Pdha1 and Pgk1) and their backup au-
tosomes (Cetn1, Pdha2 and Pgk2) in P17 wild type (black) or Topaz1 / (white)
testes. Data of qRT-PCR are represented as mean7s.e.m. Asterisks indicate statis-
tical signiﬁcance as compared to wild type (*po0.1; **po0.05).
Fig. 7. A: Quantitative RT-PCR analysis of transposable element expressions in 15-
day-old testes of four different genotypes of mice (Topaz1þ /þ; Topaz1 /;
Dnmt3Lþ /þ and Dnmt3L /). No signiﬁcant difference of retroelement expression
was observed between Topaz1þ /þ and Topaz1/ testes. Data of qRT-PCR are re-
presented as mean7s.e.m. (except for analysis using Dnmt3L genotypes: only the
mean was shown). B: Western Blot analysis of ORF1 protein. Maelstrom-/- testicular
extracts was used as positive control that presented a strong expression of ORF 1P.
Like Topaz1þ / , Topaz1/ testis showed no expression of ORF1 protein.
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and DICER protein families, which are involved in post-transcrip-
tional gene silencing. Because of the presence of this PAZ domain
in the TOPAZ1 putative protein, we hypothesized that the loss of
mouse TOPAZ1 could be involved in derepression of transposable
elements. We studied the expression of several classes of retro-
transposons: (i) long terminal repeat (LTR) with intracisternal A
particle (IAP) and mouse endogenous retroviruses (MERVs); and
(ii) non-LTR with long interspersed repeats (LINEs) in P15 testis by
quantitative RT-PCR. In each class of TE, no signiﬁcant variation in
the expression of these retrotransposons was detected neither in
15 days postnatal testis of the Topaz1/ mouse (Fig. 7A), nor in 20
and 28 days postnatal testis (Supplementary material Fig. S3)
compared to WT mouse. As a positive control for TE quantiﬁcationwe used P15 Dnmt3L / testis (Bourc'his and Bestor, 2004).
To emphasize these results, we used an antibody against ORF1p
to probe protein lysates prepared from Topaz1þ / , Topaz1 / and
Maelstrom / adult testes (as a positive control). Although a
massive increase in the ORF1p levels was observed in positive
control sample (Mael /), no variation was revealed in the
Topaz1 / adult mutant testis (Fig. 7B).
To conclude, the absence of TOPAZ1 caused neither transcrip-
tional derepression of TE elements in the pachytene spermato-
cytes (P15) nor in later developmental stages (P20, P28), nor up-
regulation of ORF1p levels in the adult testis.
We therefore analysed expression proﬁle of some gene-encoding
proteins localized in the chromatoid body, also called the nuage (Piwi,
Mvh, Maelstrom and Mov10L1), in the testis of Topaz1 / mice (Sup-
plementarymaterial Fig. S4). In comparisonwithWT testis, differential
expressions of these genes were observed (i) preferentially at adult-
hood for Mvh (Vasa) probably due to the loss of germ cells; (ii) after
the ﬁrst wave of spermatogenesis and in the absence of haploid cells
for Mael; (iii) only at around P28–P42 for Miwi, possibly due to the
arrest of spermatocyte differentiation. However, this differential ex-
pression ofMiwi was temporary, demonstrating that the onset of Piwi
expressionwas not perturbed by the absence of TOPAZ1. In Topaz1/
testis, Mov10l1 expression persisted longer compared to WT (Frost
et al., 2010), whilst these expression levels were not statistically sig-
niﬁcant (Supplementary material Fig. S4).
2.8. Topaz1 mutant testes have a deregulated transcriptome at P20
To identify deregulated gene pathways in absence of TOPAZ1,
we performed microarray comparative analyses of wild-type and
mutant testis RNA. At P15, seminiferous tubules contain sperma-
tocytes that have advanced to early and mid-pachynema. At P17,
early-mid diplotene cells appear and at P20, round spermatids
resulting of the ﬁrst meiotic division are established. Two devel-
opmental stages were analysed, P15 and P20, since at these stages,
A. Luangpraseuth-Prosper et al. / Developmental Biology 406 (2015) 158–171164histological analyses did not reveal gross differences between WT
and mutant testes (Fig. 2). This analysis showed that 5977 mi-
croarray probes (representing 4775 genes) were signiﬁcantly dif-
ferent between P15 and P20 in the WT testis (adjusted p value:
po0.01). Among them, 1316 were up-regulated with a fold change
greater than 2 (FC42; included 46 probes with FC420) and 311
were down-regulated probes (FCo0.5) (Supplementary material
Table S1). Thus, the developmental switch from pachytene sper-
matocytes (P15) to spermatids (P20) represented large-scale ex-
pression changes. Therefore, the number of differentially ex-
pressed probes in the Topaz1 / testis during the same develop-
mental period (P15 and P20) were increased by almost 40% (8365
microarray probes representing 6452 genes) (po0.01). The
number of developmentally regulated genes between P15 and P20
in Topaz1 / testis was higher than in normal testis (Supple-
mentary material Table S1). Among these differentially-expressed
genes, 5219 probes are in common between normal and mutant
testicular development. Moreover, 758 differential probes (12.7%
(758/5977)) are speciﬁc for normal temporal testicular develop-
ment (P15-P20) and may be associated with the presence of TO-
PAZ1. The functional annotation of these 758 probes was analysed
using Database for Annotation, Visualization and Integrated Dis-
covery v6.7 (DAVID, http://david.abcc.ncifcrf.gov/home.jsp) by
choosing the highest classiﬁcation stringency (Huang et al., 2009a,
2009b). Five annotation clusters were obtained with an enrich-
ment score 41.3, particularly in the RNA splicing and nucleoside
binding categories (Supplementary material Table S2). By contrast,
in testis without TOPAZ1, a large number of transcripts (3146
probes or 37.6% (3146/8365)) seemed to be affected (Fig. 8A) by its
absence. The most signiﬁcant function associated with the absence
of TOPAZ1 during development (3146 probes from P15 to P20) was
the protein-lysine N-methyltransferase activity (Supplementary
material Table S2).Fig. 8. A: Venn diagram showing overlap of differentially expressed probe sets:
Developmentally (postnatal days 20 vs 15) regulated in normal (WT) vs devel-
opmentally regulated in Topaz1 / (KO) mouse testes. B: Summary diagram illu-
strated results of transcriptome analyses at two developmental stages (P15 or P20)
of two different genotypes (Topaz1þ /þ (WT) and Topaz1 / (KO)).At P15, Topaz1 / testis were morphologically similar to P15
WT testis and only 1 probe was signiﬁcantly differentially ex-
pressed (po0.01; FC¼0.22), namely the Topaz1 gene (Supple-
mentary material Table S1; Fig. 8B). When we reduced the strin-
gency of the statistical analysis and considered only the FC, a gene
that was greatly down-regulated (FC¼0.29) in P15 Topaz1 /
testis was revealed, 4930463O16Rik (ENSMUSG00000020033).
This gene is referenced as a lncRNA of mouse chromosome 10.
In contrast, more important transcriptional changes were ob-
served at P20 with disturbed expression of 102 probes (99 genes),
between Topaz1/ vs WT testis (po0.01) (Fig. 8B; Supplemen-
tary material Table S1). Among these 102 probes, 20 were down-
regulated (po0.01; 14 probes with FCo0.5; and 6 probes with
0.5oFCo0.66) and 51 up-regulated (po0.01; 12 probes with
FC42.0; and 39 probes with 1.5oFCo2). Moreover, around 78%
were annotated as protein-coding genes; 10% represented lncRNA
and the remaining probes were unknown genes or repeated
sequences.
Validation qPCR measurements of several differential genes
were performed with mRNA from WT and P20 Topaz1 / testes.
Three up-regulated genes (4931406B18Rik, Tex261 and Abcg8), and
8 down-regulated genes (Topaz1; 4921513H07Rik, Chst1,
4930463O16Rik, 4930442P07Rik, 4932443D20, Pydc3,
1700104A03Rik) and 2 genes (1700016G14Rik and Tex36) beyond
the value of 0.01 for the adjusted p value but with a Fold change
41.5, were tested. The qPCR results conﬁrmed the microarray
results (Table 1). All these tested genes were signiﬁcantly differ-
entially expressed in Topaz1 null P20-testes by comparison with
normal ones (except Pydc3 for which we found an reversed var-
iation between array and qPCR). There was no signiﬁcant differ-
ential expression of 1700016G14Rik and Tex36 by microarray ana-
lysis, which was conﬁrmed by qPCR (Table 1).
Because the expression proﬁles and the functions of several
genes were unknown in testis, we decided to quantify transcripts
by qPCR from postnatal to adulthood (Fig. 9). Abcg8 was sig-
niﬁcantly up-regulated in mutant testis from P17 until adulthood
with an average of 2 fold. The same proﬁle was found globally for
Tex261 from P20. The 4 down-regulated genes all showed a com-
plete absence of expression in the mutant testis. For
4930463O16Rik, a lncRNA of murine chromosome 10, a difference
of expression between normal and Topaz1/ testes was detected
signiﬁcantly from P15. This was also true for Chst1 and
4921513H07Rik and from P17 for 1700104A03Rik. Chst1 and
4930463O16Rik transcript expression in mouse germ cells, and
more particularly in pachytene spermatocytes, was also conﬁrmed
by the available microarray analysis results on the GermOnline
website (http://www.germonline.org/) (Supplementary material
Fig. S5) (Chalmel et al., 2007; Lardenois et al., 2010).
We determined the location of 4930463O16Rik in the adult
seminiferous tubules by in situ hybridization. While no signal of
in situ hybridization was detected in Topaz1/ testis, an intense
signal was detected in spermatocytes of some seminiferous tu-
bules of normal animals (Fig. 10). No signal was found in elongated
spermatids or spermatozoa. The absence of TOPAZ1 abolished the
expression of this lncRNA, which is normally located in
spermatocytes.
Lastly, Tex36 and 1700016G14Rik, were not differentially ex-
pressed at P20 between testes of both phenotypes, but they were
affected by the absence of TOPAZ1 from P28, particularly
1700016G14Rik whose expression was completely abolished in the
absence of TOPAZ1 (Fig. 9).
3. Discussion
TOPAZ1 was initially identiﬁed in our laboratory as a novel PAZ-
domain protein speciﬁcally expressed in germ cells during meiosis.
Table 1
qRT-PCR validation of genes found differentially expressed by microarray analysis.
Gene name Ensembl Gene ID Microarray qPCR
Adj p value FC p value§ variation
Up-regulated in KO20 vs WT20 4931406B18Rik ENSMUSG00000013353 1.49E-06 2.89043 0.00085*** 2.49357
Tex261 ENSMUSG00000014748 0.00106 2.08039 0.00588*** 1.74767
Abcg8 ENSMUSG00000024254 9.69E-05 1.85846 0.00522*** 2.54061
Down-regulated in KO20 vs WT20 4921513H07Rik 0.00070 0.04302 0.04894** 0.08578
Chst1 ENSMUSG00000027221 0.00070 0.08318 0.01517** 0.23215
4930463O16Rik ENSMUSG00000020033 0.00152 0.10736 0.0028*** 0.04510
Topaz1 ENSMUSG00000094985 1.49E-06 0.11950 0.00064*** 0.00783
4930442P07Rik 0.00590 0.22566 0.00961*** 0.03562
4932443D20 0.00016 0.34547 0.01857** 0.15296
Pydc3 ENSMUSG00000066677 0.00016 0.36972 0.04347** 1.52269
1700104A03Rik 7.39E-05 0.37662 0.09507* 0.22862
Adj p value40.01 1700016G14Rik ENSMUSG00000085861 0.06105 0.48206 0.11456 0.68400
Tex36 ENSMUSG00000030976 0.05513 0.61182 0.40349 0.31968
§ t-test from qPCR results.
*** po0.01.
** po0.05.
* po0.1.
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esis and its absence leads to a blockage during the transition from
spermatocyte to spermatid, resulting in a complete absence of
spermatozoa. Although Topaz1 mRNA was found during foetal
ovarian development in the mouse (but not in the adult ovary)
(Baillet et al., 2011), TOPAZ1 is not crucial in female fertility and in
female meiosis since Topaz1 / females are fertile. This indicated
that the deleterious impact of absence of TOPAZ1 is male-speciﬁc.
Topaz1 was mainly expressed in pachytene spermatocytes but the
chromosome events that take place during the ﬁrst steps of
meiotic prophase I, such as pairing, synaptonemal complex for-
mation and meiotic sex chromosome inactivation were normally
established. Despite the presence of a PAZ domain, TOPAZ1 was
not implicated in retrotransposon silencing. Furthermore, Topaz1
deletion leads to gene expression disturbances in testicular stages
between postnatal days 15 and 20. Comparison of 20-day-old
testicular transcriptomes of normal vs Topaz1 / mouse showed
one hundred differentially expressed genes of which 10% were
lncRNA.
Mammalian male meiosis is a postnatal event and proceeds
without interruptions during adult life. In juvenile mice, the ﬁrst
wave initiates from spermatogonia to produce a new population of
spermatocytes at P15, spermatids at P20-P21 and then sperma-
tozoa at P42. These different steps involve coordinated regulation
of gene expression that is subject to different levels of checkpoint
control. In the last decade, several knockout mouse models for
germ cell speciﬁc genes highlighted meiotic checkpoints essential
to obtain a complete spermatogenesis.
One of the ﬁrst fundamental checkpoint controls is the correct
synapsis and double stranded break repair. The deletion of the
genes involved in these process usually leads to mouse infertility
as knockout mouse model for Dmc1, Msh4, Msh5 and Spo11 (Pitt-
man et al., 1998; Yoshida et al., 1998; Kneitz et al., 2000; Edelmann
et al., 1999; Romanienko and Camerini-Otero, 2000; Baudat et al.,
2000). The deletion of Topaz1 in the male did not affected sy-
naptonemal complex formation, as attested by a correct alignment
of SYCP3 and SYCP1 proteins during chromosome pairing. After
synaptonemal complex formation, an essential meiotic silencing of
unsynapsed chromatin occured in the XY body of male germ cells,
that silences sex chromosomes which fail to pair. Failure of XY
body formation, meiotic sex chromosome inactivation, orincomplete MSCI leads again to male sterility with impairment of
pachytene spermatogenesis as observed in the absence of mouse
DMRT7 (Kim et al., 2007; Kawamata and Nishimori, 2006; Date
et al., 2012), BRCA1 (Turner et al., 2004; Broering et al., 2014), or
M1AP (Arango et al., 2013). The absence of TOPAZ1 disturbed
neither the XY body formation nor the MSCI in the pachytene
stage. Following these results, we concluded that these different
steps of meiotic prophase I from leptotene to pachytene were as
normally expected in Topaz1 / mouse.
Simultaneously, a subcellular compartment of germ cells
(dense electronic structure called the nuage or the chromatoid
body), with major regulation of different proteins, occurs. The
absence of these proteins, observed in knockout mouse models,
showed infertility of males, with spermatogenesis arrest at dif-
ferent steps. This is the case for Maelstrom (Soper et al., 2008),
Mov10L1 (Frost et al., 2010), Mvh (Tanaka et al., 2000; Kuramochi-
Miyagawa et al., 2010), Tdrd1 (Reuter et al., 2009), and Gasz (Ma
et al., 2009) genes. In our study, Piwi,Mvh,Maelstrom andMov10L1
gene expression was almost unaltered in Topaz1 / testes, (except
for Mvh and Maelstrom due to the lost of germ cells after the ﬁrst
wave of spermatogenesis). The sterility of male homozygous mice
lacking Topaz1 could not be explained by expression deregulations
of nuage components. Moreover, the three mouse PIWI protein
homologues (MIWI, MIWI2, and MILI) possess a PAZ domain as
Topaz1 gene and are also involved in piRNA-directed retro-
transposon silencing to protect the genomic integrity. In light of
the above, retrotransposon expression was examined in Topaz1 /
testis. We observed that the absence of TOPAZ1 did not cause
transcriptional derepression of TE elements in male germ cells. In
summary, TOPAZ1 function is not associated with genome in-
tegrity maintenance.
After the chromosome desysnapsis at the end of the diplotene
phase, the nuclear membrane breaks down and chromosomes
prepare to enter prometaphase to allow the G2/MI transition. This
phase corresponds to a decisive point by chromatin remodelling
with the alignment of chromosomes on the metaphase plate, al-
lowing their segregation into each daughter cell. Several mutant
mice have been described with an arrest of male meiosis at the
pachytene checkpoint or at the spindle checkpoint of metaphase I
due to a misalignment of chromosomes on the spindle (Eaker
et al., 2002; Arango et al., 2013; Ward et al., 2007). In the absence
Fig. 9. Quantitative RT-PCR analysis of Tex261, Abcg8, H4921513H07Rik, Chst1, 4930463O16Rik, 1700104A03Rik, 1700016G14Rik and Tex36 gene expressions at different de-
velopmental stages in wild-type (Topaz1þ /þ) (Black) and Topaz1/ (white) testes. Data of qRT-PCR are represented as mean7s.e.m. *po0.1, **po0.05, ***po0.01.
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as these conﬁgurations were shown in Mlh1 / testis (Eaker et al.,
2002). Then, chromosomes of Topaz1 / spermatocytes showednumerous abnormal metaphase conﬁgurations attested by aber-
rant chromosome alignments on metaphase plate (Supplementary
material Fig. S2). Subsequently, none of the typical anaphase cells
Fig. 10. In situ hybridization of 4930463O16Rik lncRNA in P20 and adult testes from wild-type (C and D) and Topaz1/ (A and B) mice. Arrows indicate 4930463O16Rik
labelling. Scale bar¼200 mm.
Table 2
Predicted interaction probabilities of 4930463O16Rik lncRNA with MYBL1,
MOV10L1 or TOPAZ1 using RNA-Protein Interaction Prediction (RPISeq). Predictions
with probabilities greater than 0.5 were considered positive.
Interaction probabilities of
4930463O16Rik lncRNA
MYBL1 (variant
1 or 2)
MOV10L1 TOPAZ1
Prediction using RF classiﬁer 0.8 0.8 0.75
Prediction using SVM classiﬁer 0.96 0.96 0.96
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Thus, Topaz1/ spermatocytes seem to be arrested in metaphase
establishment through inaccurate chromosome alignment on the
metaphase plate.
Among the genes pointed out by the absence of TOPAZ1, a
signiﬁcant part of them (around 10%) was annotated as lncRNA in
different databases. One of the earliest down-regulated genes was
referred as a intergenic lncRNA of the mouse chromosome 10
(4930463O16Rik, ENSMUSG00000020033). It was previously
shown that intergenic lncRNAs may act as tissue-speciﬁc genes
(Liang et al., 2014). We observed here that this gene was expressed
in spermatocytes (Fig. 10). It was shown previously that most
lncRNAs exhibited higher levels of expression after P14 suggesting
a major role in meiosis and spermiogenesis (Bao et al., 2013). Very
few lncRNAs found to be expressed during spermatogenesis have
been functionally described, but a close association between
lncRNA and epigenetic regulation has been found (Sun et al., 2013;
Bao et al., 2013). The role of 4930463O16Rik lncRNA has never been
investigated. 4930463O16Rik was found to be down-regulated in
P14Mybl1 / mouse testis (Bolcun-Filas et al., 2011) and to be the
most down-regulated gene in 14 days-old Mov10L1 / mouse
testis (Frost et al., 2010). MYBL1 (A-MYB) is a transcription factor,
expressed from type-B spermatogonia to pachytene spermatocytes
(Mettus et al., 1994; Trauth et al., 1994). Deletion of Mybl1 causes
male infertility in mice (Toscani et al., 1997) due to arrest of
meiosis at about the pachytene stage (Bolcun-Filas et al., 2011).
MYBL1 initiates pachytene piRNA production (Li et al., 2013).
Mov10L1 encodes a RNA helicase essential for male fertility
(Vourekas et al., 2015) and its inactivation in mice leads to sper-
matogenic arrest in leptotene to zygotene transition, involving
derepression of retrotransposons. Moreover, MOV10L1 interactswith the MILI and MIWI proteins and with HSPA2, a heat shock 70-
kDa protein (Frost et al., 2010; Zheng et al., 2010). Topaz1 deletion
did not disturb either the transposable element expression or
Mybl1, Mov10l1, Hspa2 and Piwi protein expressions. However,
absence of MYBL1, of MOV10L1 and of TOPAZ1 resulted in a down
regulation (and even a suppression in Topaz1 / mice) of the
testicular lncRNA 4930463O16Rik expression. Based on RPISeq
(http://pridb.gdcb.iastate.edu/RPISeq/) that predicted possible
RNA-protein interaction including lncRNA of known sequence
(Muppirala et al., 2011), MYBL1, MOV10L1 and TOPAZ1 were pre-
dicted to interact with the lncRNA 4930463O16Rik (Table 2). Al-
though function of this lncRNA was unknown, we could suggest
that from its potential interaction with MYBL1, MOV10L1 and
TOPAZ1 and with its important down-regulation in MYBL1-,
MOV10L1- and TOPAZ1-deleted mice, that 4930463O16Rik may
participate in spermatogenesis. Consequently, deletion of this
lncRNA is currently under investigation in our lab to explore its
precise role in spermatogenesis.
The absence of TOPAZ1 leads also to disappearance of several
others genes in P20 mutant mouse testes. Several of these genes
are unknown (4921513H07Rik, 1700104A03Rik, 1700016G14Rik);
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fotransferase known to be highly expressed in brain, also has its
expression completely abolished in Topaz1 / testis. This gene has
never been described in testis and, surprisingly, Chst1 deletion did
not appear to lead to fertility disturbance in mice (Patnode et al.,
2013a; Patnode et al., 2013b; Hoshino et al., 2014). Tex261 and
Abcg8 (sterolin-2) are two genes whose expression was up-regu-
lated in Topaz1 / testis. They have been shown to be expressed
in testes and could be involved in the cholesterol pathway (López-
Fernández et al., 1998; Solca et al., 2013).
Moreover, analysis using the DAVID Functional Clustering al-
gorithm revealed several biological functions according to the
probe datasets. Following Topaz1 deletion, the protein-lysine
N-methyltransferase activity was evidenced and also the RNA
splicing cluster category. TOPAZ1 contained, in addition to the PAZ
domain, a zinc-binding domain (CCCH domain) suggesting a po-
tential role in RNA recognition and binding. All these results in-
dicate that chromatin modiﬁcation and epigenetic changes may be
in relation with the TOPAZ1 function and further investigations
will be necessary to demonstrate epigenetic changes in Topaz1 /
vs WT germ cells.
In conclusion, we demonstrated that the Topaz1 / testicular
phenotype presented several distinct features, each of which may
be related to a speciﬁc aspect of TOPAZ1 function during sper-
matogenesis. We showed an arrest of meiosis progression at the
diplotene-metaphase I transition inducing germ cell apoptosis,
and an aberrant transcriptome in the absence of TOPAZ1. Topaz1
deletion, like those of Gtsf1, Baz1a, OvoL1, leads to spermatocyte
progression arrest, but their precise functions still need to be de-
termined (Yoshimura et al., 2009; Dowdle et al., 2013; Li et al.,
2005). The Topaz1 germ cell-speciﬁc factor is essential for meiotic
progression and male fertility in mice, in common with several
other factors. Meiosis in both male and female relies upon phy-
logenetically conserved mechanisms, but sexually dimorphic
meiotic processes are also indispensable, the role of TOPAZ1 ap-
pears to be speciﬁc to male meiosis. Deciphering TOPAZ1 function,
which may be envisaged as a critical RNA-binding protein involved
in epigenetic rearrangements of the spermatocyte genome, will
open a new area in the mechanisms of male gamete maturation. It
will thus also open researches on new classes of genes potentially
responsible for male infertility in mammals, following mutational
events.4. Materials and methods
4.1. Generation of Topaz1 inactivated mice
Topaz1-null transgenic mice were produced by the Institut
Clinique de la Souris (ICS Strasbourg, France, exons 1 and 2 were
replaced by the LacZ gene. We received heterozygous embryos
from ICS, heterozygotes were obtained from 98.45% C57Bl/6N and
1.55% C57Bl/6J males. Embryos were transferred in pseudopreg-
nant C57Bl/6N female mice. Then, heterozygous F1 males and fe-
males were interbred to generate F2 littermates, which were used
in subsequent breeding and analysis. Offspring were genotyped for
the normal and targeted alleles of the Topaz1 gene by PCR from
DNA obtained from tail tips. All mice were housed in a facility at
INRA in Jouy-en-Josas (IERP) and all animal experiments were
performed under a protocol approved by the local ethics com-
mittee. Mice were fed ad libitum with standard pet chow and
water, and housed under conditions of controlled light (12 h/12 h
light/dark cycle) and temperature (25 °C). Animals were sacriﬁced
by cervical dislocation. Tissues were collected from postnatal days
(P) 5 to 42 and 3–6 months (adulthood) mice, dissected out and
ﬁxed as indicated later, or ﬂash frozen immediately in liquidnitrogen and then stored at 80 °C for subsequent molecular
biology experiments. All experiments and all animal handling
procedures were performed in accordance with the guidelines on
the Care and Use of Agricultural Animals in Agricultural Research
and Teaching and approved by Ethics Committee under the
number 12-039.
4.2. Histology
For histological studies, fresh testes from P15, P20, P28 and
adult (more than 3 months) mice were ﬁxed in Bouin's ﬁxative or
4% paraformaldehyde (PFA) (Sigma-Aldrich, St Louis, MO), rinsed
in phosphate-buffered saline (PBS) and stored in 70% ethanol.
Fixed tissues were embedded in parafﬁn by standard procedures
with a Citadel automat (Thermo Scientiﬁc Shandon Citadel 1000).
The parafﬁn-embedded tissues were sectioned at 4 mm and de-
posited on Superfrost Plus slides (Fisher Scientiﬁc, Illkirch, France).
Bouin-ﬁxed sections were stained with Weigert's hematoxylin
(reference in: Gray (1954)), or Harris hematoxylin (Sigma-Aldrich,
St Louis, MO) and eosin solution (Sigma-Aldrich, St Louis, MO).
Images were captured using a digital slide scanner NanoZoomer
2.0-HT: C9600 (Hamamatsu) and images were analysed with NDP
view software (Hamamatsu).
4.3. TUNEL, immunoﬂuorescence and in situ hybridization of testi-
cular tissue
PFA-ﬁxed sections were used for terminal deoxynuclotidyl
transferase-mediated deoxyuridine triphosphate nick end label-
ling (TUNEL) staining with the ApopTags Peroxidase In Situ
Apoptosis Detection Kit (S7100, Millipore) according to the man-
ufacturer's recommendations. PFA-ﬁxed sections were also used
for immunoﬂuorescence and in situ hybridization using the RNA-
scopes kit. Mouse Topaz1 RNAscope probes were custom made by
Advanced Cell Diagnostics (ACD, Hayward, CA). Forty probes of 25
bases covering 1 kb of the target mouse Topaz1 (NM_ 001199736.1)
were prepared. Catalogue probes of Bacillus subtilis dihy-
drodipicolinate reductase (dapB) and peptidylprolyl isomerase B
(Ppib) were ordered from ACD, as negative and positive controls
respectively. Protease pretreatment, probe hybridization, pre-am-
pliﬁcation, ampliﬁcation, labelling, and overall colouring steps
were carried out according to User Manual for Parafﬁn embedding
Tissue (ACD, Hayward, CA). Images were captured using a
DP50CCD camera (Olympus) attached to a Leica Leitz DMRB mi-
croscope using a 40 objective (Leica) with oil immersion. Images
were analysed with Cell^F software (AnalySiS Image Processing).
For immunohistochemistry analysis, slides were rehydrated
and treated with Antigen Unmasking Solution H-3300 (Vector la-
boratories, Malvern PA, USA) for 20 min. Blocking was carried out
in rabbit serum for 30 min. Slides were incubated overnight at 4 °C
with primary antibody to EZH2 (Abcam, Cambridge, UK) used at
1:200 in 1% BSA in PBS. Detection was performed by using sec-
ondary antibody conjugated to dylight 594. Slides were mounted
with Vectashield Hard Set Mounting Medium for ﬂuorescence
H-1400 (Vector laboratories, Malvern PA, USA) and coverslipped.
Images were captured using a Pannoramic SCAN 3DHISTECH.
4.4. Spermatocyte spread preparations and immunolabeling
Testes from males at P20 and 6 month of age and their litter-
mate controls were dissected and put in PBS. Tissues were dec-
apsulated and punctured with a 25-gauge needle and debris al-
lowed for settle for 2–3 min. Spermatocyte suspension was then
transferred to microcentrifuge tubes and spun down. Supernatants
were removed and the pellets resuspended in PBS. One ml of the
mixture and 25 ml of 1% PFA, 10 mM Na-Borat were added onto a
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0.4% Photoﬂo (Kodak) and then dried in air. After drying, slides
were used for immunolabeling or stored at 20 °C. Slides con-
taining spermatocyte spreads were stained as described by others
(Kneitz et al., 2000). We used the following primary antibodies: a
rabbit polyclonal antibody against SCP3 (1:100) (Abcam, Cam-
bridge, UK), a rabbit polyclonal antibody to SCP1 (1:500) (Abcam,
Cambridge, UK) and a mouse monoclonal antibody against phos-
phor-Histone H2A.X (Ser139) (1:200) (Millipore, Billerica, MA).
Secondary antibodies were conjugated to dylight 488 and dylight
594. Images were captured with a Carl Zeiss AxioObserver ZI
ﬂuorescence microscope equipped with the ApoTome slider
(MIMA2 Platform, INRA). Slides were observed using a 63x Plan-
Neoﬂuor oil objective (NA 1.3) and single wavelength LEDs at
470 nm, 530 nm and 625 nm (Colibri illumination). Images were
analysed with Axiovision software (CarlZeiss).
4.5. Western blotting analyses
Frozen adult testes were ground in liquid nitrogen and then
resuspended with radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris HCl pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% Sodium
deoxycholate, anti-protease (Roche, Meylan, France); 200 ml of
RIPA Buffer per 100 mg of tissue) in a Dounce homogenizer on ice.
Samples were centrifuged at 20,000g for 5 min at 4 °C. Then, the
supernatant containing the total protein extract was collected and
stored at 80 °C. Protein quantiﬁcation was carried out using the
Bradford method with bovine serum albumin (BSA) as the stan-
dard (Sigma-Aldrich, St Louis, MO).
Western Blot immunoassays were processed with 25 mg of total
protein extract lysed in SDS buffer and separated using 4–12%
NuPage bis-Tris gel electrophoresis (Novex; Invitrogen).
Protein mass markers (Novex Sharp Protein Standard, 3.5–
260 kDa; Invitrogen) were run simultaneously as molecular mass
standards.
Electrophoretically separated polypeptides were transferred
onto a Hybond-P polyvinylidene ﬂuoride membrane (Amersham
Biosciences, Orsay, France). Membranes were blocked in 1:1000
Tween 20-PBS (PBS-T, Euromedex, Souffelweyersheim, France)
containing 4% (g/mL) nonfat dried milk. Membranes were probed
with a rabbit anti-αOrf1p antibody (diluted 1:500, provided by A.
Bortvin, Carnegie Institution of Washington) in PBS-T solution
containing 4% nonfat dried milk.
Membranes were incubated with a goat peroxidase-conjugated
anti-rabbit immunoglobulin G (IgG) antibody (diluted 1:5000,
Santa Cruz Biotechnology, Heidelberg, Germany).
Actin B was assessed as a loading control, using a mouse
monoclonal anti-ActinB antibody (diluted 1:2000; Sigma-Aldrich,
St Louis, MO) and goat peroxidise-conjugated anti-mouse IgG
antibody (diluted 1:5000; Santa Cruz Biotechnology, Heidelberg,
Germany). Immunoreaction signals were revealed with ECL Plus
Western Blotting detection regents (Amersham Biosciences, Orsay,
France) and analysed using an image analysis system (Advanced
Image Data Analyser Software; LAS 1000 camera; Fujiﬁlm).
4.6. RNA extraction
Total RNA from postnatal mouse testes was isolated using Trizol
Reagent (Life Technologies, Paisley, UK), DNAse-treated and pur-
iﬁed with RNeasy Mini kit (Qiagen, Courtaboeuf, France) following
the manufacturer's instructions. Reverse transcription was per-
formed with the Thermo Scientiﬁc Kit Maxima Fist Strand cDNA
Synthesis Kit for RT-qPCR (Thermo Fisher Scientiﬁc, Illkirch,
France). The PCR products were quantiﬁed with Qubits Fluoro-
metric Quantitation (Thermo Fisher Scientiﬁc, Illkirch, France) and
the RNA integrity was veriﬁed on Agilent 2100 Bioanalyser(Matriks, Norway). Only samples with RNA Integrity Number
greater than 9 were used for quantitative PCR or microarray
hybridizations.
4.7. Quantitative RT-PCR
RT was performed on each sample using 5 mg Dnase-treated
RNA incubated with random hexanucleotide primers with a
Maxima Reverse Transcriptase kit (Thermo Fisher Scientiﬁc, Ill-
kirch, France) according to the manufacturer's instructions.
Quantitative RT-PCR was performed using the Step One system
with Fast SYBRs Green Master Mix (Applied Biosystems, Courta-
boeuf, France). Final data was presented as the average number
from six different biological samples. YWHAZ, GAPDH and MAPK1
were used as reference genes for the comparative CT method for
relative quantitation of gene expression. The sequence of primers
is provided in Supplementary material Table S3. Results were
analysed by using qBase software (Biogazelle NV, Ghent, Belgium).
Each data point represents the mean7s.e.m. of at least three in-
dependent experiments. Statistical analyses were performed with
Microsoft Excel, applying the Student's two-tailed t-test. Differ-
ences in average values were considered signiﬁcant with p-values
less than 0.05.
4.8. Microarray hybridizations
Biological triplicate samples of total mRNA were ampliﬁed, la-
belled and hybridized on Illumina Mouse WG-6v2.0 bead chips
(445,000 probes) at the P3S facility (http://www.p3s.chups.jus
sieu.fr/) using Illumina's protocol. Raw data were analysed using
BeadStudio v3 software (Illumina Inc., San Diego, CA, http://www.
illumina.com/) and a quantile normalization was performed. To
obtain the list of differentially expressed probes, we used a limma
R package (Smyth, 2005) and p-values were adjusted using the
Benjamini–Hochberg method for false discovery rate control
(Benjamini and Hochberg, 1995). The data discussed in this pub-
lication have been deposited in NCBI's Gene Expression Omnibus
(Edgar et al., 2002) and are accessible through GEO Series acces-
sion number GSE67229 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc¼GSE67229).Conﬂict of interest
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